INTRODUCTION
Enteroviruses are the most common human viruses, causing a wide spectrum of diseases ranging from mild common cold-type illness to severe life-threatening conditions. Polioviruses causing paralytic diseases are their most well-known representatives . The group B Coxsackieviruses (CVBs) are among those enteroviruses that most frequently lead to contacts with the health care system causing, e.g., meningitis, encephalitis, myocarditis, hand-foot-and-mouth disease, pancreatitis, and hepatitis (Tapparel et al., 2013) . Young children are at the highest risk of developing severe CVB diseases, and infection in newborn infants can lead to life-threatening systemic infections. CVB infections are typically acute, and the host's immune system clears the virus within a few days or weeks. CVBs can, however, also establish chronic (persistent) infections , which have been linked to chronic diseases including type 1 diabetes (T1D) and dilated cardiomyopathy (Nurminen et al., 2012; Massilamany et al., 2014; Hyoty, 2016) .
CVBs are small, non-enveloped viruses, and their positive-sense single-stranded RNA genome is inside the icosahedral protein capsid (Tuthill et al., 2010) . There are six different CVB serotypes (CVB1-6) that can be separated from each other based on their antigenic and genetic properties. The viral genome encodes for viral structural proteins, VP1-4, and seven non-structural proteins, 2A-2C and 3A-3D. The infection cycle starts by the attachment of the virus to the cell surface receptor followed by viral entry into the cell (Tuthill et al., 2010) . The viral RNA genome is released by uncoating and is transported into the cytoplasm where it is transcribed and translated. Finally, mature virions are released, usually by lysis of infected cells .
The mechanisms leading to enteroviral persistency are not fully understood. However, it appears that the development of viral persistency is linked to a complex co-evolutionary process of both the host cell and the virus . Studies in cell and animal models suggest that there are two types of persistent infections, called carrier-state and steady-state persistence. In a steady-state infection the viral replication cycle is non-lytic and a large proportion of cells can be simultaneously infected (Frisk, 2001) . In a carrier-state infection high titers of virus are produced, but only a small proportion of Pancreas is an important target organ of CVBs, which can infect both exocrine and endocrine cells of human pancreas (Busse et al., 2017; Richardson et al., 2009) . A role for CVBs in the pathogenesis of T1D is supported by the strong expression of CXADR in insulin-producing pancreatic beta-cells (Ifie et al., 2018) because CVBs, but no other enteroviruses, use this receptor to enter the cell. Enterovirus VP1 protein has been repeatedly detected in the beta-cells of patients with T1D Richardson et al., 2009 Richardson et al., , 2013 . However, only few beta-cells express viral protein and the amount of viral RNA is low, consistent with a low-grade viral persistence rather than an acute productive infection. CVBs have also occasionally been detected outside of pancreatic islets in human pancreas tissue samples (Busse et al., 2017; Richardson et al., 2009; Ylipaasto et al., 2004) . Interestingly, a small set of data based on a novel and sensitive approach for detecting CVB RNA indicated the presence of these viruses outside pancreatic islets also in tissue biopsies collected from individuals with T1D (Busse et al., 2017) . The association between CVBs and T1D has been documented in prospective birth cohort studies already before the beta-cell damaging process has started (Laitinen et al., 2014; Oikarinen et al., 2014; Sioofy-Khojine et al., 2018) , suggesting that these viruses can play a role in the initiation of the process. Among the six CVB types, CVB1 and CVB4 have most frequently been associated with T1D (Laitinen et al., 2014; Oikarinen et al., 2014; Sioofy-Khojine et al., 2018; Yoon et al., 1979) .
The present study aims at identifying cellular responses during persistent CVB infection and understanding the mechanisms mediating the adaptation of cells to the carrier-type persistence. Establishing long-term CVB persistency in primary human pancreatic islets (Chehadeh et al., 2000) or insulin-producing beta-cell lines is challenging. Here we utilized a well-established model of persistent CVB infection in PANC-1 cells for broad mapping of infection-induced changes in protein expression and secretion after almost 1 year's persistency. Persistent infections were established by using two distinct strains of CVB1, an enterovirus that has been previously associated with T1D in epidemiological studies (Laitinen et al., 2014; Oikarinen et al., 2014; Sioofy-Khojine et al., 2018) . In our previous study , these two strains differed by the strength of innate immune responses they induced. Infection-associated changes in intracellular proteomes and secretomes were profiled using quantitative mass spectrometrybased proteomics.
RESULTS

Coxsackievirus B1 ATCC and 10796 Strains Establish Persistent Infections in PANC-1 Cells
Persistent CVB1 infection was established in the PANC-1 human pancreatic duct cell line using two virus strains (ATCC and 10796). We observed a strong cytopathic effect immediately after the initial infection with both CVB strains, and the amount of viral RNA in cell culture supernatants, measured by RT-qPCR, dropped dramatically at this point, likely due to the rapid loss of cells that could support viral replication. Restored proliferation in the surviving cells was associated with an increased amount of viral RNA reaching, in both models, 10 8 copies per sample approximately 3 months after the initial infection ( Figure 1A ). Thereafter, the copy number of viral RNA remained stable. Around a year after the initial infection, the viral capsid protein VP1 was detected by immunohistochemical (IHC) staining ( Figure 1B) , and both established models showed features of carrier-state persistent infection with a low proportion of the cells clearly positive for viral VP1 protein . The proteomes of these persistently infected cells were analyzed at this time. Persistent CVB1 infections were not associated with increased cell death (Table S1 ).
Persistent Coxsackievirus B1 Infection Results in Extensive Changes in Protein Expression and Secretion
Using mass spectrometry-based proteomics, we identified and quantified altogether 5,130 distinct protein groups in the cell lysates and 3,181 distinct protein groups in the cell culture supernatants of the PANC-1 cells (Tables S2 and S3 ). Persistent CVB1 infections were associated with extensive changes in intracellular protein expression and protein secretion. Significant upregulation of 688 distinct protein groups was observed in PANC-1 cells with persistent CVB1 infection, with 85 of the protein groups significantly upregulated in both persistent CVB1 infection models (Figures 2A and 2B ). Furthermore, persistent CVB1 infections were associated with significant downregulation of 2,001 distinct protein groups in the PANC-1 cells, with 520 of the protein groups significantly downregulated in both persistent infection models (Figures 2A and 2B) . Finally, significant upregulation of 919 distinct protein groups and significant downregulation of 630 distinct protein groups was observed in the cell culture supernatants of the persistent CVB1 infection models ( Figure 2C ). Of them, the secretion of 166 and 197 distinct protein groups was significantly upregulated and downregulated in both persistent CVB1 infection models, respectively (Figures 2C and 2D) .
Proteins Potentially Involved in Viral Replication and Spreading Were Influenced during Persistent CVB1 Infection
Downregulation of a broad spectrum of host proteins was observed in the PANC-1 cells in both persistent CVB1 infection models (Figures 2A and 2B ). CVB proteinase 2A can block the host cell translational machinery and promote viral IRES-driven translation via cleavage of host translation initiation factor eIF4G required for cap-dependent translation (Borman et al., 1997) . Indeed, western blot analysis showed the presence of cleaved eIF4G in both persistent CVB1 infection models ( Figure 3A ). Based on Ingenuity Pathway Analysis (IPA), proteins involved in cholesterol biosynthesis pathways and the mevalonate pathway, which provides building blocks for cholesterol biosynthesis, were significantly enriched among the upregulated proteins in both persistent infection models ( Figure 3B , Table S4 ). Cholesterol is known to facilitate efficient CVB replication, and CVBs manipulate host cell cholesterol shuttle to accumulate this lipid in viral replication organelles (Albulescu et al., 2015; Ilnytska et al., 2013) . Poly(rC)-binding protein 2 (PCBP2) is essential for CVB IRES-mediated translation and viral RNA replication (Sean et al., 2009 ), and its expression was significantly upregulated in both persistent CVB1 infection models (Table S2 ). In addition to PCBP2, other host RNA-binding proteins also can improve the replication of CVB viruses. Interfering with the cell's nucleocytoplasmic trafficking can hinder the transport of these proteins from the cytoplasm to the nucleus making them more accessible for the virus replicating in the cytoplasm (Belov et al., 2000; Gustin and Sarnow, 2001 ). In the current study, several proteins of the nuclear pore complex responsible for protein nucleocytoplasmic trafficking were significantly downregulated in both persistent infection models ( Figure 3C ).
Several viral peptides were identified in the cells and the cell culture supernatants of the persistent CVB1 infection models, supporting the presence of actively replicating virus still more than 300 days after the initial infection (Table S5 ). Interestingly, higher expression of viral proteins was detected in the cells and the cell culture supernatants during persistent infection with 10796 strain of CVB1 when compared with CVB1 ATCC infection model (Table S5 ). Here, the viral protein expression in each sample was defined as the sum of intensities for peptides mapping to genome polyprotein sequence of CVB1 Japan strain (UniProtKB: P08291), which is the only manually curated CVB1 protein sequence available in the SwissProt database.
Downregulation of the CVB receptor CXADR has been a common feature for carrier-state persistent CVB infections . In line with these studies, CXADR protein expression was only detected in the non-infected PANC-1 cells ( Figure 3D , Table S2 ), suggesting its downregulation during persistent CVB1 infection. However, neither of the persistent CVB1 virus strains lose their ability to use CXADR receptor in the entry, because they infected CAR-transfected CHO cells but were unable to infect naive CHO cells (data not shown). Furthermore, proteins involved in virus entry via the endocytic pathways were enriched among the downregulated proteins in both persistent infection models based on IPA analysis ( Figure 3E , Table S4 ), indicating also a broader downregulation of proteins potentially involved in viral entry during persistent CVB1 infection. These changes are likely to limit the spreading of the virus from cell to cell during persistent infection.
Persistent CVB1 Infections Are Associated with Changes in Mitochondrial Energy Metabolism and Network Morphology
One of the main features of the persistent CVB1 infection models was the significant downregulation of mitochondrial proteins, especially those proteins involved in mitochondrial energy metabolism ( Figure 3E , Tables S4 and S6 ). Downregulation of mitochondrial energy metabolism has earlier been observed in mouse models of cardiomyopathy associated with chronic CVB3 infection (Nishtala et al., 2011; Xu et al., 2011) . Mitochondrial oxidative phosphorylation was among the three most significantly downregulated pathways in both persistent infection models ( Figure 3E ) with 27 and 42 oxidative phosphorylation chain components downregulated by ATCC and 10796 strains of CVB1, respectively. In addition, for example, pathways of fatty acid beta-oxidation, citric acid cycle, and leucine and valine degradation were significantly enriched among the downregulated proteins in both models ( Figure 3E , Table S4 ).
To get a deeper view on persistent CVB1 infection-induced mitochondrial changes, mitochondrial networks in the PANC-1 cells were visualized using MitoTracker staining, which labels active mitochondria based on mitochondrial membrane potential ( Figure 4A ). Mitochondrial network morphology is highly responsive to the existing conditions and influences cellular metabolism and several other signaling pathways (Wai and Langer, 2016) . The stained cells were subdivided into four different categories based on the morphology of their mitochondrial network: elongated filaments, filaments, intermediate, and fragmented network. A high proportion (44% G 14%, p < 0.01) of the cells persistently infected with 10796 strain of CVB1 showed fragmented mitochondrial network, whereas the majority of the uninfected control cells and cells infected with the ATCC strain of CVB1 showed filamentous networks ( Figure 4B ). Further supporting these results, proteomics analyses showed the significant downregulation of three proteins with central roles in mitochondrial fusion processes, namely, mitofusin 1, mitofusin 2 (MFN1 and MFN2), and dynamin-like 120-kDa mitochondrial protein (OPA1) (Wai and Langer, 2016) , in the CVB1 10796 persistent infection model.
Classical and Unconventional Protein Secretion from PANC-1 Cells Is Modulated by Persistent CVB1 Infection
Persistent CVB1 infections changed significantly the secretion of 1,483 proteins from the PANC-1 cells. Of these, 623 proteins were associated with extracellular exosomes based on their Gene Ontology annotations (Table S6) , indicating that they might be secreted from the cells by unconventional vesicle-mediated mechanisms. The tetraspanin family of proteins is highly enriched in the membranes of exosomes (Andreu and Yá ñ ez-Mó , 2014) , and three members of this family (CD63, CD81 and CD9), held as classical exosome markers, were also detected in the current study (Table S3 ). The levels of CD63 were significantly downregulated in the cell culture supernatants of the CVB1 ATCC model, whereas the secretion of another exosome marker, CD9, was significantly downregulated in cells persistently infected with CVB1 10796 strain. The persistent CVB1 infections did not change the secretion of CD81 ( Figure 5A ).
Based on SignalP analysis , 371 differentially expressed proteins in the cell culture supernatants carry a signal peptide and are therefore likely to be secreted via the classical endoplasmic reticulum (ER)-Golgi pathway. Coxsackievirus proteins have previously been reported to inhibit protein trafficking through the Golgi (Cornell et al., 2006; de Jong et al., 2006) , and in the current study the secretion of 225 and 218 proteins with predicted signal peptide was also downregulated in cells with persistent CVB1 ATCC and 10796 infection, respectively. Of those proteins 135 were commonly downregulated in the cell culture supernatants of CVB1 ATCC-and 10796-infected PANC-1 cells, whereas only five proteins with a predicted signal peptide were upregulated in the cell culture supernatants of both persistent infection models. One of these five upregulated proteins was macrophage colony stimulating factor 1 (CSF1), a cytokine with increased production reported in mouse heart tissues at the acute state of CVB3-induced myocarditis (Meyer et al., 2018) .
In particular, persistent CVB1 infection was associated with clearly downregulated secretion of all five granin family members detected in the present study: chromogranin-B (also called secretogranin-1) (CHGB), secretogranin-2 (SCG2), secretogranin-3 (SCG3), neurosecretory protein VGF (VGF), and ProSAAS (PCSK1N) ( Figures 5B and 5C ). The granin family members have essential roles in the regulated secretory pathway, which is responsible of rapid on-demand secretion of hormones, growth factors, neurotransmitters, and other molecules. Proteins secreted through this pathway are directed from the trans-Golgi network to dense core granules, where they are stored at high concentrations until an extracellular signal stimulates their secretion. The granin family members present critical roles in the regulated secretory Table S7 . pathway especially in granule biogenesis and protein sorting and also give rise to biologically active peptides (Huh et al., 2003; Hosaka et al., 2004; Courel et al., 2010; Bartolomucci et al., 2011) . In addition to the granin family members, two well-known processing enzymes present in the regulated secretory pathway, peptidylglycine a-amidating monooxygenase (PAM) and carboxypeptidase E (CPE) (Eipper et al., 1993; Ji et al., 2017) , were clearly downregulated or undetectable in the cell culture supernatants of the persistently CVB1-infected cells ( Figures 5B and 5C ). Further RT-qPCR analyses showed the downregulation of the granin family members CHGB and SCG3 already at transcriptional level, whereas the processing enzyme CPE remained undetectable at mRNA level in cells with persistent CVB1 ATCC infection but was significantly upregulated at mRNA level in cells with persistent CVB1 10796 infection ( Figures 5D-5F ). In summary, our results indicate that persistent CVB1 infections can interfere with protein secretion from the cells at multiple different levels.
Proteins Associated with Pancreatic Beta-Cell Differentiation and Survival Are Strongly Affected by Persistent Coxsackievirus B1 Infection
Acute virus-like infection induces dedifferentiation in a human beta-cell line (Oshima et al., 2018) . On the other hand, persistent CVB4 infection of PANC-1 cells downregulates the transcription factor PDX1, which is important for the formation of the endocrine pancreas . Interestingly, some of the proteins with the strongest infection-associated changes in the PANC-1 cells in the current study have also been linked with pancreatic beta-cell differentiation or survival. Furthermore, clear differences in the expression of a few of these proteins were observed between the two persistent infection models.
The most strongly upregulated protein in cells with persistent CVB1 ATCC infection was aldehyde dehydrogenase 1a3 (ALDH1A3), which has been used as a marker of dedifferentiated pancreatic beta-cells (Cinti et al., 2016; Kim-Muller et al., 2016) . On the other hand, ALDH1A3 was not detected at all in cells with persistent CVB1 10796 infection, indicating its downregulation in this persistent infection model ( Figure 6A ). Matricellular protein SPARC is secreted by the cells of the endocrine and exocrine pancreas, and it can have a negative impact on beta-cell growth and survival (Ryall et al., 2014) . It was the fourth most strongly upregulated protein in cells with persistent CVB1 ATCC infection, and its secretion from these cells was also significantly upregulated ( Figure 6B ). Similarly to ALDH1A3, SPARC was not detected in cells with persistent CVB1 10796 infection, and its secretion was strongly downregulated during persistent infection with CVB1 10796. Upregulation of the sushi domain-containing protein 2 (SUSD2) has been used to mark a particular stage in the maturation of endocrine pancreas during human fetal pancreatic differentiation (Ramond et al., 2017) . In the current study, SUSD2 was the third most strongly upregulated protein in cells persistently infected with CVB1 10796 strain, whereas its expression was significantly downregulated in the cells with persistent CVB1 ATCC infection ( Figure 6C ). Finally, heparan sulfate proteoglycan core protein (HSPG2) was the most strongly downregulated protein in cells with persistent CVB1 10796 infection, whereas it was not differentially expressed in cells with persistent CVB1 ATCC infection ( Figure 6D ). HSPG2 and laminin subunit alpha-5 (LAMA5), also strongly downregulated in cells with persistent CVB1 10796 infection, are components of human peri-islet basement membrane, which protects pancreatic islets from immune cell infiltration and thereby from beta-cell killing (Korpos et al., 2013; Otonkoski et al., 2008) .
Persistent Coxsackievirus B1 Infections Can Both Activate and Shut Down Host Antiviral Immune Responses
Acute CVB infection in human pancreatic islets induces strong type III interferon (IFN) responses (Lind et al., 2013; Ylipaasto et al., 2012) . In the current study, interferon lambda-1 (IFNL1) secretion was observed from PANC-1 cells with persistent CVB1 ATCC infection. Interestingly, no IFNL1 was detected in the secretomes of cells persistently infected with CVB1 10796 or in the secretomes of non-infected control cells ( Figure 7A ). RT-qPCR analyses supported these findings, showing IFNL1 mRNA expression only during persistent CVB1 ATCC infection ( Figures 7B and S1 ). Also in general, the activation of antiviral immune responses was clearly observed in persistent CVB1 ATCC infection model, whereas these responses were downregulated in persistent CVB1 10796 infection model when compared with non-infected PANC-1 cells. Based on IPA analysis, 14 of the 26 downstream targets of IFNL1 that were quantified in the cell lysates were significantly upregulated during persistent infection with ATCC strain of CVB1 ( Figure 7C ). In contrast, none of these proteins was upregulated in the CVB1 10796 persistent infection model. Of the IFNL1 downstream target proteins, 11 were significantly downregulated in the cells with persistent CVB1 10796 infection and additional nine IFNL1 downstream target proteins were undetectable in these cells, although they were detected in the non-infected PANC-1 cells ( Figure 7D ). The expression of a cytosolic viral RNA receptor interferon-induced helicase C domain-containing protein 1 (IFIH1) was studied further using in situ hybridization. The data from two different time points, the latter one 72 days before the proteomics sample collection, confirmed the high IFIH1 expression in samples from CVB1 ATCC persistent infection and low expression or absence of IFIH1 in the CVB1 10796 persistent infection model and the non-infected control cells ( Figure 7E ). Also, other proteins associated with antiviral immune responses were significantly upregulated in cells with persistent CVB1 ATCC infection, whereas downregulated or undetected in cells with persistent CVB1 10796 infection, including immunoproteasome component PSMB8, Endoplasmic reticulum aminopeptidase 2 (ERAP2) involved in peptide trimming, tapasin (TAPBP) involved in peptide loading on major histocompatibility complex class I, and human leukocyte antigen-C (HLA-C) (Table S2 ). Finally, persistent CVB1 ATCC infection also upregulated the secretion of several proteins involved in antiviral immune responses, including interleukin-18 (IL-18), and ubiquitin-like protein ISG15, whereas their secretion from cells with persistent CVB1 10796 infection was lower than that from the non-infected cells (Table S3) .
DISCUSSION
In the current study, two persistent CVB1 infection models were established in human PANC-1 cell line, and the infection-associated changes in the cells were characterized using proteomics approaches. Both intracellular proteome and secretome were profiled to understand the infection-induced changes in cell function and intercellular communication. To understand the range of responses that can be triggered by persistent CVB1 infections, the models were established using two CVB1 strains with clearly different abilities to induce innate immune responses based on our previous studies (immunogenic ATCC strain and less immunogenic 10796 strain) . Although only a small proportion of the cells in both persistent infection models were virus-positive based on IHC staining of the viral VP1 protein, broad changes in protein expression and secretion were observed in both persistent infection models.
Carrier-state persistent infections are characterized by high titers of virus produced by a small number of infected cells . Several changes observed in the current persistent CVB1 infection models support the presence of carrier-state persistence in the CVB1-infected PANC-1 cells. Studies on acute CVB infections have revealed multiple means by which CVBs modify the host cell functions for improved viral replication (Ilnytska et al., 2013; Albulescu et al., 2015; Lee et al., 2017 ). In the current study, several changes, which are likely beneficial for viral replication, were observed in both persistent infection models. Active replication of the virus was also confirmed in both persistent infection models by the detection of infective viral particles, viral VP1 protein, and viral genome as well as the Table S7 . detection of viral proteins in cell lysates and cell culture supernatants in the proteomic analyses. After viral replication, the infectious cycle of CVBs is usually completed via lytic release of mature virions from the infected cells, followed by the infection of ''naive'' cells via their CVB receptor CXADR (Bergelson et al., 1997) . The lack of extensive cell lysis and the low number of virus-positive cells in carrier-state persistent infections can be partly explained by the downregulation of the CVB receptor CXADR observed in both persistent CVB1 infection models in the current study and in earlier models of carrier-state CVB persistency . CVBs can also bind to another receptor DAF (CD55) on cell surface, but cannot undergo uncoating using that receptor (Bergelson and Coyne, 2013) . Here, the expression of DAF was not detected in the cell lysates and was detected only in the cell culture supernatants of the non-infected PANC-1 cells. Furthermore, it is possible that the virus adapts to use other cellular receptors, as new receptors for enteroviruses are still being discovered (Zhao et al., 2019) . Pathway analysis of the current proteomics data also revealed broader downregulation of proteins potentially involved in virus entry in both persistent CVB1 infection models, which could further limit the spreading of the virus. Previously it has been shown that CVBs may also spread directly from cell to cell via cellular protrusions (Paloheimo et al., 2011) . Finally, microvesicles expressing autophagosome markers, in particular LC3, have recently been reported as a non-lytic means for the transmission of CVBs (Robinson et al., 2014; Sin et al., 2017) . Downregulation of LC3 B in the cell culture supernatants of both persistent infection models (Table S3 ) could be associated with additional limitations in viral spreading via microvesicles during CVB1 persistency.
CVB proteins 2B, 2BC, and 3A have been shown to target the Golgi complex of the infected cell and to disrupt protein trafficking through it (Campanella et al., 2004; Cornell et al., 2006; de Jong et al., 2006; van Kuppeveld et al., 1997) . Accordingly, acute CVB infections have been shown to modulate the secretory pathway of the infected cells (Cornell et al., 2006; de Jong et al., 2006) , including pancreatic beta-cells (M.F.-T., unpublished data). CVB protein 2B can form pores in the ER and Golgi membranes resulting in Ca 2+ and H + release from these intracellular stores (van Kuppeveld et al., 1997; Campanella et al., 2004; de Jong et al., 2006) . Acute infection of HeLa cells with CVB3 resulted in complete destruction of the Golgi complex, which was also observed after transfecting the cells with CVB3 3A protein alone (Cornell et al., 2006) . In the current study, persistent CVB1 infections were associated with broad downregulation of proteins likely secreted via the classical secretory pathway in the cell culture supernatants of PANC-1 cells. In particular, proteins of the regulated secretory pathway were strongly downregulated in the secretomes of PANC-1 cells with persistent CVB1 infection. Maintenance of the Ca 2+ and pH homeostasis in the ER and Golgi is important for many of these proteins, including CPE and the granin family members. Ca 2+ and pH regulate the processing of pro-CPE and the activity of CPE, and Ca 2+ and pH-dependent aggregation of CPE and granins has been proposed to act as a sorting mechanism directing these proteins to the regulated secretory pathway (Chanat and Huttner, 1991; Ji et al., 2017; Song and Fricker, 1995) . Interestingly, although CPE protein was significantly downregulated in the cell culture supernatants of the persistent CVB1 10796 infection model, significant upregulation of CPE mRNA was observed in the cells in this model, indicating infection-associated defects in the secretion of this protein. The possible infection-associated disruption of Ca 2+ and pH homeostasis in the ER and Golgi might have affected the sorting of CPE to the regulated secretory pathway, and/or the potential virus-induced destruction of the Golgi complex could have inhibited its trafficking through the regulated secretory pathway. Even if CPE was correctly addressed to the regulated secretory pathway, virus-induced alterations in pH and Ca 2+ levels are likely to influence its enzymatic activity. CPE is a crucial protein, for example, for insulin maturation, and reduced CPE activity has been associated with elevated levels of proinsulin and reduced levels of biologically active insulin in mouse models (Naggert et al., 1995) .
ER stress is often induced by viral infections, including CVB infections (Colli et al., 2019; Zhang et al., 2010) . The type of these responses can vary depending on the cell type and the virus. The expression of one ER stress protein, ER chaperone BiP (HSPA5) detected also in the current study, was shown to be induced by acute CVB3 infection of HeLa and HL-1 cells (Zhang et al., 2010) , whereas CVB5 infection of human beta-cell line EndoC-bH1 did not change the expression of this protein (Colli et al., 2019) . Instead, partial ER stress via IRE1a phosphorylation was shown to be induced by CVB5 infection of EndoC-bH1 cells (Colli et al., 2019) . In the current study, the expression of HSPA5 was significantly downregulated during persistent CVB1 10796 infection and slightly reduced during persistent CVB1 ATCC infection. Whether signs of partial ER stress can be induced during persistent CVB infection remains to be studied.
In addition to the features common for the two persistent CVB1 infection models, several differences were detected between these models. These differences could be associated with the distinct properties of the ATCC and 10796 virus strains, random mutations accumulated in these viruses during persistency, or with different kinetics of the infection-induced responses between the two persistent infection models.
The kinetics and magnitude of antiviral immune responses triggered by acute enterovirus infections differ between distinct virus strains (Anagandula et al., 2014; Ylipaasto et al., 2012) . Differences in the immunogenic properties of these viruses could also influence their ability to persist in infected cells or tissues. Based on our earlier studies, acute infection of human peripheral blood mononuclear cells (PBMCs) and dendritic cells with CVB1 ATCC strain clearly triggers a stronger upregulation of antiviral immune responses than a similar infection with the CVB1 10796 strain . Furthermore, the infection of human pancreatic islets with CVB1 10796 strain only results in moderate cytopathic effects (Anagandula et al., 2014) . Still, an acute infection with the less immunogenic CVB1 10796 strain induces antiviral immune responses both in human pancreatic islets (Anagandula et al., 2014) and in human PBMCs Lietzen et al., 2018) . In the current study, persistent infection with the ATCC strain of CVB1 was associated with IFNL1 secretion, upregulation of several IFNL1 downstream target proteins, and upregulation of multiple other proteins involved in antiviral immune responses. These changes are in line with the antiviral immune responses triggered by different CVBs in, for example, human pancreatic islets during acute infection (Ylipaasto et al., 2005 (Ylipaasto et al., , 2012 Lind et al., 2013 Lind et al., , 2016 Nyalwidhe et al., 2017) . In addition, immunofluorescence analyses of pancreatic tissue samples from organ donors with low-grade enterovirus infection and T1D have shown the presence of antiviral EIF2AK2 in cells positive for enterovirus VP1 protein (Richardson et al., 2009 . Interestingly, in this study persistent CVB1 10796 infection resulted in an apparent shutdown of these host antiviral immune responses as indicated by the downregulation of numerous antiviral immune response proteins when compared with non-infected controls. Furthermore, downregulated secretion of immune response proteins, including pro-inflammatory cytokine IL-18, IFNL1, and ISG15, as observed in persistent 10796 infection, would make the infected cells less visible for the immune system, likely delaying their clearance.
The ability of a virus to circumvent host antiviral responses can provide important advantages, reducing infection-induced stress in the cells and thereby allowing prolonged infection. In the current study, viral proteins were more abundant in the cells and in the cell culture supernatants of persistent CVB1 10796 infection model when compared with the persistent CVB1 ATCC infection model, which could influence more efficient blocking of host antiviral immune responses during persistent CVB1 10796 infection. Also in an earlier study monitoring the growth kinetics of CVB1 strains in HeLa cells within a 48-h time frame, CVB1 10796 was shown to replicate faster and produce more virus progeny than CVB1 ATCC strain .
Mitochondrial antiviral-signaling protein (MAVS) is a central protein in host antiviral immune responses, and signaling via MAVS, residing on mitochondrial or peroxisomal membranes, can induce type III IFN responses (Bender et al., 2015; Odendall et al., 2014) . CVBs can use different strategies to suppress MAVSmediated host antiviral immune responses, and clearly reduced type I (Mukherjee et al., 2011; Feng et al., 2014; Lind et al., 2016) and type III IFN responses (Lind et al., 2016) after acute CVB infections have been observed in a few studies. CVB protease 2A can cleave MAVS resulting in suppressed type I and type III IFN responses (Feng et al., 2014; Lind et al., 2016) . According to our data MAVS was significantly downregulated in the cells with persistent CVB1 10796 infection, whereas its expression in the CVB1 ATCC model was only slightly, but not significantly, reduced when compared with the non-infected control cells (Table  S2 ). The clear downregulation of MAVS in the cells with persistent CVB1 10796 infection could be associated with, for example, higher expression of viral proteins in this model or with more efficient targeting of MAVS by the CVB1 10796 protease 2A. Mitochondrial network fragmentation can also downregulate MAVS-mediated antiviral signaling (Castanier et al., 2010) . For example, cytomegalovirus inhibits MAVSmediated antiviral signaling by promoting fragmentation of the mitochondrial network (McCormick et al., 2003) , Dengue virus NS2B3 protease can attenuate cellular antiviral immunity by cleaving the mitochondrial fusion proteins MFN1 and MFN2 (Yu et al., 2015) , and hepatitis C virus can induce mitochondrial fragmentation by stimulating the dynamin-related protein 1 (DRP1) involved in mitochondrial fission (Kim et al., 2014) . Fragmented mitochondrial network has also been observed in murine cardiomyocytes during acute CVB3 infection (Sin et al., 2017) , and in the current study over 40% of the cells in CVB1 10796 persistent infection model had fragmented mitochondrial network. Based on these results, persistent infection with 10796 strain of CVB1 is likely attenuating MAVS-mediated antiviral signaling more efficiently than persistent infection with the ATCC strain of CVB1. However, other regulatory mechanisms are also probably required to reach the broad downregulation of antiviral immune responses when compared with the non-infected control cells. Some of the strongest changes observed in the current persistent infection models involved proteins that also have a role in pancreatic beta-cell function, differentiation, growth, and survival. Low-grade enterovirus infections in human pancreatic islets have been associated with T1D in multiple studies (Yoon et al., 1979; Richardson et al., 2009 Richardson et al., , 2013 . Persistent CVB4 infection in PANC-1 cells has been shown to result in the downregulation of PDX1, a transcription factor important for the development and function of pancreatic beta-cells , and in the dysregulation of a set of microRNAs with many of them potentially targeting T1D risk genes . In this study, both persistent CVB1 infections resulted in strong downregulation of the key players of the regulated secretory pathway, which in beta-cells is also responsible for insulin processing and secretion. This is in line with an earlier study showing lower levels of insulin in beta-cells positive for the enterovirus VP1 protein in pancreatic tissue samples from organ donors with T1D . Strong opposite changes induced by the two persistent CVB1 infection models were observed in the expression of three proteins associated with pancreatic beta-cell differentiation, growth, and survival: ALDH1A3 (Cinti et al., 2016; Kim-Muller et al., 2016) , SPARC (Ryall et al., 2014) and SUSD2 (Ramond et al., 2017) . In addition, persistent CVB1 10796 infection of PANC-1 cells resulted in significantly reduced expression of two human peri-islet basement membrane proteins, HSPG2 and LAMA5 (Korpos et al., 2013; Otonkoski et al., 2008) , and also the secretion of HSPG2 was strongly downregulated in this persistent infection model. The reduced expression and secretion of peri-islet basement membrane components could shift the balance between membrane destruction and repair, making pancreatic islets more susceptible to leukocyte infiltration and beta-cell killing during enterovirus infection. Finally, increased secretion of CSF1 was observed in both persistent infection models. CSF1 and its receptor (CSF1R) play essential roles in the development of monocytes and in macrophage proliferation (Chitu and Stanley, 2006) . Increased expression of CSF1 has been reported in patients with myocarditis, and in a mouse model of CVB3-induced myocarditis suppression of the CSF1 was shown to reduce the inflammatory outcome and decrease the levels of infiltrating leukocytes (Meyer et al., 2018) . Moreover, depletion of pancreatic islet-resident macrophages by monoclonal autoantibody against CSF1R reduced the development of autoimmune diabetes in NOD mice, indicating the importance of these cells in the disease pathogenesis (Carrero et al., 2017) .
Very recently, a study by Nekoua et al. described the establishment of persistent CVB4 infection in a beta-cell-like cell line 1.1B4 and showed that the cells with persistent CVB4 infection are targets of natural killer cell-mediated lysis (Nekoua et al., 2019) . Still, the expression of insulin mRNA was not detected in these cells. Future studies are needed to understand the benefits of this persistent infection model in studying the potential outcomes of persistent CVB infections in human pancreas.
The current study provides a broad characterization of the changes induced by persistent CVB1 infection in a human pancreatic ductal-like cell line. The parallel analysis of two distinct persistent infection models utilizing CVB1 strains with different immunogenic properties is an important step towards understanding the potential heterogeneity of the virus-cell interactions, which regulate the development of viral persistency and its effects on the cell. Some of the changes observed in the current study are similar to the responses triggered by acute enterovirus infections in human pancreatic islets, but importantly, our results also show strong contrasting changes between the two persistent infection models not reported with acute enterovirus infections. Further studies on persistent CVB infections are required to better understand the origins of these differences. Finally, in the light of recent, but still very limited, data on the presence of CVBs also outside pancreatic islets (Busse et al., 2017) , we speculate that pancreatic ductal cells could also act as sites for enterovirus persistence enabling from time to time spreading of the virus into the beta-cells. Larger studies evaluating systematically the presence of these viruses in the endocrine and exocrine pancreas are needed to further test this hypothesis. Overall, the current study covers novel information on persistent CVB infection-induced changes in protein expression and secretion in a human pancreatic ductal-like cell line and thereby provides new ideas for studying the pathogenic mechanisms of persistent enterovirus infections in human pancreas tissue samples. 
Limitations of the Study
Persistent CBV infection models established in human pancreatic cell lines are valuable tools to study the potential outcomes of chronic CVB infections in human pancreas. One of the limitations of the current study is the use of PANC-1 cell line instead of an insulin-producing human beta-cell line as a model system. Despite the increasing amounts of evidence on connections between enterovirus infections and the development of T1D, persistent CVB infection models have, to our knowledge, not yet been published in an insulin-producing beta-cell line. Such studies would bring important insights into host-virus interplay during prolonged CVB infection of pancreatic beta-cells. On the other hand, further mechanistic and functional studies utilizing the existing persistent infection models would already bring deeper understanding on the infection-induced responses observed in the current study. Finally, additional studies are needed for comprehensive mapping of mutations in viral genomes acquired during persistency, and to understand whether certain changes in viral genome are required for the formation of carrier-state persistent infections.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
DATA AND CODE AVAILABILITY
The raw mass spectrometry data have been deposited to the ProteomeXchange Consortium (http:// proteomecentral.proteomexchange.org) via the PRIDE partner repository This work was financially supported by the Academy of Finland decisions no. 287423, 288671, 292482, 292335, 294337, 319280, and 314444 Figure S1 (related to Fig. 7) . IFNL1 RT-qPCR for cells cultured in serum-containing medium.
A sample set including three biological repeats of persistently infected cells and non-infected cells in serum-containing medium were collected at 279, 286 and 293 days post infection for innate immune response analysis similarly as described in Materials and Methods-section, but the cells were lysed and stored in RLT-lysis buffer prior to RNA extraction. IFNL1 mRNA was quantified using the Taqman Gene expression assay (Applied Biosystems). In brief, extracted RNA (RNeasy kit, Qiagen) was transcribed into cDNA using random hexamers, dNTP mix, RNase inhibitor and 5x Buffer (Promega). PCR reaction was performed using TaqMan® Fast Advanced Master Mix (Applied Biosystems) and human specific Gene expression assay primer/probe set (Applied Biosystems) to amplify and quantify human IFNL1 (Assay ID: Hs00601677_g1). Samples were run on a QuantStudio5 (Applied Biosystems) Comparative Ct Fast program (20 sec of 95°C followed by 40 cycles of 1 sec 95°C, 20 sec 60°C). All reactions were performed in triplicate and gene expression of the studied genes was normalized to the reference gene (GAPDH) and expressed as deltaCt.
Table S1 (related to Fig. 1) . Evaluation of cell death.
Cell death was approximated by ToxiLight cell viability assay kit. Samples from the first two timepoints used for proteomics analyses (#1 and #2) were analysed. The measurements were performed after culturing the cells in FBS-free medium for two days. Minor (<10 %) cell death was detected at each sample. CVB1 ATCC samples marked with an asterisk (*) are test samples in which the two days culture in serum-free medium (#1) was compared with 5 days culture in serum-free medium (#2). No significant difference was detected.
Sample
Cell death percentage (n=3) 
